Introduction
============

The capability of tumor antigen-specific cytotoxic T lymphocytes (CTLs) in targeting and killing tumor cells, have gained much attention [@B1]-[@B3]. Two strategies used in anti-tumor immunotherapy, respectively based on *in vivo* activation of tumor-specific CTLs [@B4] and *in vitro* activation of autologous or allogeneic immune cells [@B5], have been proposed. In the latter approach, also known as adoptive cellular immunotherapy, activated immune cells are transfused back into the patient after *in vitro* induction and proliferation. However, the amount of tumor-specific CTLs that could reach the tumor site*in vivo* is limited. Also, the anti-tumor response of CTLs was found to be weakened, perhaps due to tumor\'s ability to escape the immunologic surveillance [@B6]-[@B7]. Efficient eradication of tumor cells remains a huge challenge in clinical application. Thus, developing a new approach to recruit sufficient tumor-specific CTLs with enhanced tumor-targeting and -killing efficacy, may provide a strategy for effective anti-tumor immunotherapy.

Interferon-inducible protein-10 (IP-10), also known as C-X-C motif chemokine ligand (CXCL) 10, one of the CXC chemokines, shows strong anti-tumor activity [@B8]-[@B10] and potent inhibition of tumor angiogenesis [@B11]. IP-10 plays a role by chemoattracting CXCR3^+^ immune cells, especially CD8^+^ T cells (CTLs), and promoting activation and proliferation of these cells in the tumor sites [@B12], [@B13]. Considering the strong chemotactic functions of IP-10 in gathering tumor-specific CTLs, it is important to develop a strategy to ensure the sufficient IP-10 expression in the tumor environment.

Endoglin (ENG), a homodimeric transmembrane glycoprotein, is known as a component of the transforming growth factor-β (TGF-β) receptor complex. ENG has been reported to be highly expressed on the surface of tumor neovascular endothelial cells and display a homogeneous expression in tumor tissues due to the endothelial cell-derived tumor angiogenesis [@B14]-[@B16], on the other hand, it is rarely expressed on normal blood vessels except for the umbilical cord of newborns [@B17]. By targeting the neovascular tissue of tumors, ENG avoids the usual off-target effects caused by heterogeneity of tumor-specific antigens that typically show continual genetic variations [@B18]-[@B20]. Therefore, ENG is projected to be a suitable marker of tumor vasculature, as well as an attractive target for anti-tumor therapy.

Among packaging materials for drug delivery, liposome has several advantages, for example, a similar structure to the cell membrane which grants them good biocompatibility, a large surface area, and lack of cytotoxicity [@B21], etc. Several studies have demonstrated that engineering of liposomes with systematically varied properties by multiple ligands, could thereby improve their *in vivo* functions [@B22], [@B23]. The known ligands used for such purposes include aptamers, proteins, peptides, antibodies, and antibody fragments [@B8], [@B24]. Aptamers are synthesized single-stranded DNA or RNA oligonucleotide molecules with distinct 3D structures in the designed purpose to mimic properties of antibodies, and have recently emerged as reliable and promising class of targeted ligands with excellent potential for diagnostic and therapeutic applications [@B25]-[@B27]. Aptamers have several advantages over protein antibodies, including very small molecular weight (5-40 kDa), rapid plasma clearance, non-immunogenicity, easy tissue penetration, high binding affinity and specificity, and the ease of synthesis [@B28]. Aptamers also display remarkable stability under various pH and temperature conditions, as well as in a wide variety of organic solvents [@B29], [@B30]. Moreover, the mass production of aptamers is simpler and cost-effective, compared to that of proteins. These advantages make aptamers more desirable for targeted drug delivery that rival antibodies in clinical therapeutics [@B31]-[@B33].

In the present study, we aimed to develop a new cancer immunotherapy strategy, in which ENG-Apt/mIP-10-LP nanocapsules were constructed by combining the ENG-Apt with liposomes containing the mIP-10 plasmid. We characterized the structure, and assessed their binding specificity to target cells *in vitro*, as well as their abilities to recruit both endogenous and exogenous CTLs targeting the tumor vasculature *in vivo*. To demonstrate the therapeutic efficacy for ENG-Apt/mIP-10-LP nanocapsules, a series of *in vivo* antitumor experiments were carried out in melanoma-bearing mice models. The mechanisms were then discussed.

Materials
=========

POPC, cholesterol, DSPE-PEG~2000~, DDAB, and DSPE-PEG~2000~-maleimide were purchased from Avanti Polar Lipids Co., and α-tocopherol and β-cysteamine were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

The oligonucleotides of ENG-Apt was synthesized by Shanghai Sangon Ltd., Co. (Sangon, Shanghai, China) according to the gene sequence of ENG-Apt and sequence of T6 Tag (5\'CCCCCGATGCTTTCGCTTTTCCTTTCGCTTTTGTTCGCTTCGTCCCTGCTTCCTTTCTTG-3\'-T~6~-HS) sequence with FITC-labeled or unlabeled at the 5\' end. The plasmid GV 143 mIP-10 containing an enhanced green fluorescent protein (EGFP) reporter was constructed by ChemGene Co. (Shanghai, China).

The 180-188 residues of H-2K^b^ restricted tyrosinase-related protein 2 (TRP2, peptide sequence: SVYDFFVWL) were synthesized by GenScript Inc. (GenScript, Nanjing, China). Kb-TRP2 monomers and TRP2 tetramer-PE were synthesized by Beijing KuangBo Biological Technology Co. (KuangBo, Beijing, China). The ENG Apt was synthesized by Shanghai Sangon Ltd., Co. (Sangon, Shanghai, China). CD8^+^ T magnetic bead sorting kit (Invitrogen, Carlsbad, CA, USA) and CD105 MultiSort Kit(PE), mouse (Miltenyi Biotec, Germany) were used.

Cells and cell culture
----------------------

C57BL/6 mouse-derived melanoma cell line B16 and 293T cells were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences. 293T-mE cells (293T cells stably expressing CD105) were generated by Bioladder Co. (Shanghai, China). B16 cells were cultured in RPMI 1640 supplemented with 10% bovine fetal serum, 1% streptomycin, and 1% penicillin at 37 °C in an atmosphere of 5% CO~2~. 293T and 293T-mE cells were cultured in Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin for screening 293T-mE cells after the addition of 500 μg/mL G418.

To isolate CD105^+^ mouse tumor vascular endothelial cells (mTECs), tumor tissue sections (about 1 cm in diameter) were excised from C57BL/6 mice and digested by collagenase I solution (1 mg/mL) for 0.5 h at 37 °C. Then, the suspensions were passed through a cell strainer and washed with PBS. Cells were enriched by centrifugation. To obtain CD105^+^ T cells, individual cells were enriched and isolated using a mouse CD105 MultiSort Kit (PE) (Miltenyi Biotec, Germany). The cells were then resuspended in EGM-2MV (Clonetics,Walkersville, MD, USA) and the concentration was adjusted into 1×10^5^/mL upon seeding into 6-well plates.

To prepare artificial antigen-presenting cells (aAPCs), 100 μg/mL of TRP2 antigen was firstly incubated with 20 μg/mL of recombinant soluble Dimeric mouse H-2K^b^:Ig Fusion protein (BD Bioscience), at 37 ^o^C overnight to generate H-2K^b^:Ig-TRP2 complexes and H-2K^b^ :Ig-Mut1 complexes. Artificial beads (Dynabeads^®^ M-450 Epoxy, Invitrogen, Norway) were incubated with H-2K^b^:Ig-TRP2 complexes and anti-mouse CD28 monoclonal antibody (2 μg/mL) at 4 ^o^C for 1 h to make H-2 K^b^:Ig:TRP2-aAPCs.

To obtain CD8^+^ T cells, individual cells from C57BL/6 (H-2K^b^) mice spleens were enriched and isolated using mouse CD8 Dynabeads® Flow Comp^TM^ (Invitrogen, Carlsbad, CA, USA). The cells were then resuspended in RPMI 1640 supplemented with 10% fetal bovine serum, 1% streptomycin, and 1% penicillin at 37 °C in an atmosphere of 5% CO~2~, and the concentration was adjusted to 2×10^6^/mL upon seeding into 12-well plates.

To prepare TRP2-specific T cells, CD8^+^ T cells were co-stimulated with H-2K^b^:Ig-TRP2-aAPCs (a CD8^+^ T cells to aAPCs ratio of 1:3 ), recombinant mouse interleukin-21 (rmIL-21, 25 ng/mL, R&D Systems, Minneapolis, MN, USA), and rmIL-15 (10 ng/mL, R&D Systems) for 2 weeks and then isolated by sorting with magnetic beads coated with TRP2 specific tetramer to obtain TRP2-positive cells.

Animals
-------

Female C57BL/6 mice (4-6 weeks, H-2K^b^, SPF grade) were purchased from Beijing Vital River Laboratory Animal Technology Co. (Vital River, Beijing, China). Female nude BALB/c mice (4-6 weeks old and weighing approximately 20 g) were purchased from the Experimental Animal Center of Guangxi Medical University. All animal experiments were performed in compliance with Guangxi Medical University animal protection and regulations.

Experimental procedures
=======================

Nanocapsules preparation and characterization
---------------------------------------------

### Assembly of ENG-Apt/mIP-10-LP

To obtain ENG-Apt-PEG~2000~-DSPE, ENG-Apt oligonucleotides and maleimide-PEG~2000~-DSPE were mixed under a molar ratio of 1:5, and incubated at 4 °C under nitrogen protection for 24 h in dark. PEGylated liposomes were prepared from a mixture of POPC, Chol, DSPE-PEG-2000, DDAB, and α-tocopherol at a molar ratio of 52:40:5:3:0.2. Then 200 μg of mIP-10 plasmid was added to the liposome suspension 0.4 mL by gradual dropping with 35% ethanol and 4 nmol CaCl~2~, the suspension was ultra-filtered in a centrifuge tube (MWCO = 7-10K), and dialyzed (50 mM Tris-HCl, 140 mM NaCl, pH = 7) to obtain IP-10 gene-carrying liposomes after five repeated cycles of freezing, thawing, and homogenization. The ENG-Apt-PEG~2000~-DSPE solution 6 μL was added to 200 μL liposome suspension to form ENG-Apt-decorated liposomes. The resultant solution was dialyzed in an ultrafiltration tube (MWCO=3500-5000) to remove unreacted ENG-Apt. The preparation scheme for ENG-Apt-PEG~2000~-DSPE is shown in **Figure [S1](#SM0){ref-type="supplementary-material"}**.

DiR-PEGylated liposomes were prepared from mixing POPC, Chol, DSPE-PEG-2000, DDAB, α-tocopherol, and DiR at a molar ratio of 52:40:5:3:0.2:0.5. DiR-labeled LP-mIP-10 and ENG-Apt/mIP-10-LP were then prepared following the steps for LP-mIP-10 synthesis described as above.

### Morphology, size, and zeta potential measurements

The morphology of ENG-Apt/mIP-10-LP nanocapsules was examined using transmission electron microscopy (TEM) at 100 kV. Samples were suspended in deionized water droplets and embedded in a carbon-coated copper carrier and then negatively stained with 1% phosphotungstic acid for 2 min.

To measure nanocapsules size and zeta potential, samples were suspended in deionized water in 1:100 (v/v). Upon obtaining a suspension with an appropriate particle concentration and viscosity, the particle size and zeta potential were measured using a nanometer laser particle size analyzer (Malvern Instruments, Worcestershire, UK).

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

Encapsulation of IP-10 phosphorylated DNA within liposomes was verified using agarose gel electrophoresis. The mIP-10-LP complex (containing 75 ng IP-10 pDNA) was purified by 1% (w/v) agarose gel electrophoresis with GoldView staining (Dongsheng Biotech, China). Band shifts upon electrophoresis in Tris-acetate-EDTA (TAE) buffer were evaluated after recording using a chemiluminescence imaging system (Bio-Rad, USA).

N/P Ratio optimization
----------------------

To optimize the nitrogen/phosphate (N/P) ratio, 80 μg, 40 μg, 20 μg, 10 μg, and 5 μg of plasmids were respectively set into five tubes loaded with 100 μL of empty LP, to achieve ENG-Apt/mIP-10-LP with N/P ratio of 1:4, 1:2, 1:1, 2:1 and 4:1.

Stability analysis
------------------

ENG-Apt/mIP-10-LP (20 μL) was respectively added into high-glucose DMEM medium alone, 100% human serum alone, or high glucose DMEM containing 20% fetal bovine serum (FBS), with an incubation time frame of 10 min, 0.5 h, 2 h, 4 h, 6 h or 8 h. As the controls, mIP-10 plasmid aliquots were also respectively incubated in above three liquid conditions for 10 min, 0.5 h, 2 h, 4 h, 6 h or 8 h, then analyzed in 1% agarose gel at 100 mA electrophoresis for 30 min. The results were visualized by a chemiluminescence imager system.

Cytotoxicity detection by MTT assay
-----------------------------------

293T, 293T-mE, mTEC, and B16 cells were resuspended into 5×10^4^/mL in appropriate medium after digestion. Then 100 μL aliquots of cell suspensions were transferred to 96-well plates and incubated in a humidified incubator at 37 °C with 5% CO~2~ overnight. In addition to the blank group (medium alone) and control group (cells alone), plasmid-containing nanocapsules were resuspended in 100 μL of serum-free medium. The nanocapsules-containing suspensions then were added to each experimental group (5 wells/group), according to an equal-amount elemental ratio of ENG-Apt/mIP-10-LP with different N/P ratio \[1:4 (2.5 μL), 1:2 (5 μL), 1:1 (10 μL), 2:1 (20 μL), and 4:1 (40 μL)\], followed by incubation for 48 h. MTT solution (5 mg/mL, 20 μL/well) was added to each well and incubated at 37 °C for 4 h in dark. The supernatant was then discarded and 150 μL/well of DMSO was added and mixed prior to absorbance measurement at 490 nm in a microplate reader.

Binding specificity of ENG-Apt/mIP-10-LP nanocapsules
-----------------------------------------------------

The binding specificity of fluorescent labeled ENG-Apt/mIP-10-LP nanocapsules to mIP-10-LPs with 293T, 293T-mE, B16, and mTEC cells were observed under fluorescence microscopy and quantitated by flow cytometry. For morphological observation, cells were placed onto cover slips in 6-well plates at 2×10^5^ cells/well. Fluorescein isothiocyanate (FITC) and DilC~18~(3) (DiI)-labeled ENG-Apt/mIP-10-LP nanocapsules, DiI-labeled mIP-10-LPs, or unlabeled ENG-Apt/mIP-10-LP nanocapsules were respectively added to the cells before incubation for 2 h at 37 ^°^C in 5% CO~2~ with 95% humidity. The binding specificity of ENG-Apt/mIP-10-LP nanocapsules to mTECs, 293T-mECs, and mTECs, was also determined by ENG-Apt blocking test. Cells were additionally incubated with excess amount of unlabeled ENG-Apt for 30 min in prior, then incubated with an equimolar amount of fluorescent ENG-Apt/mIP-10-LP nanocapsules for another 2 h of incubation as above. Cell nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI) for 5 min, and the cells were then fixed with 4% paraformaldehyde for 30 min at room temperature. The fluorescence intensity within cells was observed under a fluorescence microscope (Nikon, Japan). All experiments were repeated three times.

To evaluate the expression of IP-10-EGFP after ENG-Apt/mIP-10-LP nanocapsules uptake by the cells, 293T, B16, 293T-mE and mTEC cells were cultured with FITC-labeled ENG-Apt/mIP-10-LP nanocapsules for 2 h and resuspended in 200 μL phosphate-buffered solution (PBS) after washing. Fluorescence intensity of cells in different groups was quantitatively analyzed by a fluorescence spectrophotometer. Furthermore, 293T-mEs and mTECs were cultured with DiI-labeled mIP-10-LPs or ENG-Apt/mIP-10-LP nanocapsules for 4 h, and washed with PBS to remove non-phagocytic fluorescent materials. 100 μL of 0.1% Triton X-100 was added, and then the cells were centrifuged. The cell pellet was resuspended in 200 μL of PBS, and the fluorescence intensity was detected using a fluorescence spectrophotometer which evaluated the cellular uptake of DiI dye.

mIP-10 expression in mTECs
--------------------------

Totally 4×10^5^ mTECs/well were seeded in 6-well plates and allowed to proliferate overnight to reach 70% confluence. The culture medium was replaced with 1 mL medium containing ENG-Apt/mIP-10-LP nanocapsules or mIP-10-LPs for 6 h. Next, the cells were cultured for 24 h at 37 °C in 5% CO~2~ with 95% humidity. Treatment with GV 143 mIP-10 plasmid served as a control. EGFP expression was observed by fluorescence microscopy, and EGFP expression efficiency in each group was analyzed by fluorescence-activated cell sorting (FACSCalibur^TM^, BD, CA, USA) after trypsinization for 24 h.

Treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP nanocapsules
----------------------------------------------------------------------

To study distribution of ENG-Apt/mIP-10-LP nanocapsules in melanoma-bearing mice, 4-week-old female inbred BALB/c athymic nude mice (SPF, 18-22 g) were randomized into 3 groups (n = 5). B16 cells (5×10^5^ cells/mouse) were implanted via subcutaneous injection into the left armpit of mouse. To evaluate tumor growth, the volume of the resulting tumors was recorded using vernier calipers every 3 d. Tumor volume (V) was calculated according to the formula: V=0.5ab^2^, where "a" representing the largest diameter and "b" representing the perpendicular diameter. Once the tumors reached a volume of 500 mm^3^, tumor-bearing mice received one of three treatments via intravenous tail injections: 0.6 mg DilC~18~(7) (DiR)/kg body weight (DiR control), DiR-labeled mIP-10-LPs, and ENG-Apt/mIP-10-LP nanocapsules. The distribution of the fluorescent particles in each group was detected using an *in vivo* imaging system (In Vivo FX PRO, Bruker, Billerica, MA, USA) (excitation at 720 nm, emission at 790 nm) at 2 h, 6 h, 24 h, 48 h and 72 h after injection.

Treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP nanocapsules
----------------------------------------------------------------------

Four- to six-week-old female C57BL/6 mice (H-2K^b^, SPF level, 20-25 g) were used for the following experiment. B16 cells (5×10^5^ cells/mouse) were inoculated into the right groin area of each mouse via subcutaneous injection. On the fifth day after the tumor cell inoculation, tiny black patches were seen around the injection sites subcutaneously. These tumor-bearing mice were then randomized into four groups (n = 5), and respectively treated with PBS, mIP-10 plasmid, mIP-10-LPs, or ENG-Apt/mIP-10-LP nanocapsules at 5 d, 8 d, 11 d, and 14 d after tumor cells inoculation via tail vein intravenous injections. The size of tumors of all animals were measured with vernier caliper every 3 d after tumor cell inoculation, followed by tumor volume calculating and animal growth curve plotting as described above. Mice were monitored daily for survival, and corresponding plots were prepared. Another 32 mice subjected to the same treatments (n = 8) were monitored to generate survival curves.

Treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP nanocapsules combined with adoptive TRP2-specific CD8^+^ T cells
--------------------------------------------------------------------------------------------------------------------------

To test the therapeutic efficacy for combination treatment of ENG-Apt/mIP-10-LP nanocapsules and TRP2-specific CD8^+^ T cells, additional mice were randomized into five groups (n=5). The different treatments for the groups were as follows: (1) PBS, (2) ENG-Apt/mIP-10-LP nanocapsules, (3) ENG-Apt/mIP-10-LP nanocapsules combined with CD8^+^ T cells, (4) TRP2-specific CD8^+^ T cells, and (5) ENG-Apt/mIP-10-LP nanocapsules combined with TRP2-specific CD8^+^ T cells. Four days after subcutaneous inoculation of tumor cells, CD8^+^ T cells or TRP2-specific CD8^+^ T cells were resuspended in PBS at 1.5×10^7^ cells/mL (200 µL/mouse) via the tail vein injection *in vivo*. The next day, PBS and ENG-Apt/mIP-10-LP nanocapsules (mIP-10 plasmid, 50 µg/mouse) were also injected intravenously in the corresponding groups. Mice of different groups were treated at 5 d, 8 d, 11 d, and 14 d after tumor cells inoculation via tail vein intravenous injections, and tumor volume was measured with vernier calipers during the treatment (every 3 d as described above) to generate tumor growth curves. Another 40 mice subjected to the same treatments (n = 8) were monitored to generate survival curves.

Flow cytometric analysis
------------------------

Tumors were separated from mice, washed and incubated in a solution containing collagenase type-I (200 U/mL) and DNase I (200 μg/mL) for 1 h at 37 °C. Single cell suspension of the bone marrow was prepared by blowing the morrow fluids out from the cavity by 1 mL of sterile PBS and pipetting. Splenocytes were isolated from the mouse spleen by grinding using disposal pestles over copper mesh. Red blood cells were removed from the cell suspensions using Erythrocyte Lysate buffer (Solarbio, Beijing, China) according to the manufacture\'s instruction. Then, the cell suspension from either resource above were passed through a cell strainer and washed with sterile PBS. Cell density was adjusted into 1 × 10^6^ cells/100 μL for fluorescence-activated cell sorting (FACS) analysis.

All fluorescently labeled antibodies were purchased from eBioscience. The following antibodies were used for phenotypic analysis: CD11b-FITC, Ly-6 (Gr-1)-PE, CD4-FITC, CD25-PECy5, FoxP3-PE, CD8α-FITC/PE, CD8β-PerCPCy5.5. Cells isolated from bone marrow, spleen, and tumor tissues of mice were adjusted to a concentration of 1×10^7^ cells/mL. Percentages of CD11b^+^Gr1^+^ cells in the bone marrow, spleen, and tumor tissues, along, CD4^+^CD25^+^FoxP3^+^ T regulatory cells (Tregs) in the spleen and tumor tissues, as well as, TRP2CD8^+^ T cells in tumor-infiltrating lymphocytes were analyzed via flow cytometry. All cells were incubated at 4 ^°^C in the dark for 30 min.

Anti-mouse CD4-FITC (0.5 μL) and anti-mouse CD25-PE-Cy5 (0.25 μL) antibodies were added to spleen cells and tumor-infiltrating lymphocytes (TILs) followed by incubation in the dark for 30 min. Once the cells were ruptured, anti-FoxP3-PE (2 μL) was added and incubated at 4 °C for an extra 30 min. Subsequently, cells were washed twice for flow cytometric analysis.

Detection of IFN-γ secretion by ELISPOT assay
---------------------------------------------

TILs were collected for ELISPOT analysis after the previously described treatments. Briefly, 96-well plates containing polyvinylidene difluoride (PVDF) films were coated with mouse anti-IFN-γ antibody, and incubated with RPMI 1640 medium (Gibco, USA) for 10 min at room temperature. The supernatant was discarded, and 2×10^5^ of collected cells were seeded into each well and incubated with TRP2 peptide-plus B16 cells for 24 h at 37 ^°^C. Subsequently, the samples were washed and 100 μL of biotinylated antibodies were added to each well followed by 1 h of incubation at 37^°^C. Then, 100 μL (2.5 μg) horseradish peroxidase (HRP)-avidin was added to each well and incubated for another 1 h at 37^°^C. In the last step, 100 μL of dyes (ELISPOT kit, Dakewe Biotech Company, China) were added to each well and incubated for 25 min in the dark. The plates were then read by a CTL-Immunospot® Analyzer (CTL, Shaker Heights, OH, USA), and the data was analyzed using Immunospot 5.0 Pro software.

Immuno-histochemical staining
-----------------------------

Excised mouse tumor tissues were fixed in paraffin and prepared for histological examination. After dewaxing, 4 μm paraffin-embedded sections were incubated with 3% H~2~O~2~ for 10 min at room temperature and then with 5% bovine serum albumin for 30 min at 37 ^°^C. The sections were then stained with anti-mouse proliferating cell nuclear antigen expression (PCNA) monoclonal antibody (1:200 dilution, Boster, Wuhan, China), rat anti-mouse CD31 antibody (1:50 dilution, Abcam), and rabbit anti-mouse CXCL10/IP-10 antibody (1:100 dilution, Biosynthesis) and kept at 4 ^°^C overnight. After three washes with PBS, the sections were stained with HRP-labeled goat anti-mouse, goat anti-rat, or goat anti-rabbit IgG secondary antibodies (Zhongshan Golden Bridge, China) and incubated for 30 min at 37 °C. Sections treated as described without the primary antibody were used as negative controls. The sections were counterstained with DAB, examined by microscopy (400×), and analyzed using Image-Pro Plus^®^ software (Media Cybernetics).

Detection of tumor cell apoptosis by TUNEL assay
------------------------------------------------

TUNEL assay was performed to detect apoptosis in paraffin-embedded sections of harvested tumor tissues. *In situ* cell death detection kit, Fluorescein (Roche Diagnostics, Hoffman-La Roche, Basel, Switzerland) was used, and 50 μL reaction mixture was applied to each slide according to the kit instructions before incubation at 37 ^°^C for 60 min. Nuclei were counterstained with DAPI (0.5 μg/mL) at room temperature in the dark for 30 min. Five different regions on each slide were selected for photographing (n = 5 slides per group), and automatic analysis software (Image-Pro Plus 5.0) was used to count stained cells.

In situ tetramer staining (ISTS)
--------------------------------

Fresh tumor tissues were embedded in optimal cutting temperature (OCT) medium and fixed in ice-cold acetone for 15 min; frozen sections were cut at a thickness of 6 μm. After three washes with PBS, the sections were incubated with a mixture of TRP2 tetramer-PE (5 μL), CD8-FITC (3 μL), fetal bovine serum (2 μL), and PBS (90 μL) at 37 ^°^C for 30 min. Posterior to three additional washes with PBS, 0.5 μg/mL DAPI was applied for 30 min at room temperature to stain the nuclei. The slides were mounted with an antifade agent and observed under fluorescence microscope.

Statistical analysis
--------------------

All data was analyzed using SPSS 16.0 statistical software (SPSS Inc, Chicago, IL, USA) and expressed as mean values. Differences between data from the experimental and control groups were analyzed using one-way analysis of variance (ANOVA) to determine statistical significance. Survival rates were calculated using the Kaplan-Meier method and analyzed using the log-rank test. A *p* value*≤* 0.05 was considered statistically significant.

Results
=======

Characterization of ENG-Apt/mIP-10-LP nanocapsules
--------------------------------------------------

ENG-Apt-PEG~2000~-DSPE was firstly synthesized *via* thiol-maleimide "click" reaction according to the schematic shown in **Figure [S1](#SM0){ref-type="supplementary-material"}**. TEM images reveal that the prepared nanocapsules possessed a uniform particle size as well as high dispersion characteristics. The cationic liposome presented a smooth surface and spherical appearance. The size of ENG-Apt/mIP-10-LP nanocapsules, as analyzed by dynamic light scattering, was uniform at a diameter of 145 nm approximately, which was slightly larger than the diameter of LP (shown as **Figure [1](#F1){ref-type="fig"} A, B**). **Figure [1](#F1){ref-type="fig"}C** shows the average particle size of the nanocapsules decreased as the ratio of N/P was adjusted from 1:4 to 1:1 and the zeta potential gradually increased. With an N/P ratio of 1:1, the particle size of ENG-Apt/mIP-10-LP nanocapsules was 145 nm and the zeta potential was approximately -17 mV.

Similarly, EMSA result demonstrated that the LPs eliminated the band for the GV 143 mIP-10 plasmid in the gel with a single band appearing at the molecular weight of 5000 (**Figure [1](#F1){ref-type="fig"}D**, line 1). A bright band for ENG-Apt/mIP-10-LP nanocapsules accumulated around the inner walls of the gel wells without any further migration. The appearance of the same band after disruption of the LP membrane with Triton X-100 (**Figure [1](#F1){ref-type="fig"}D**, line 5) indicated that the GV 143 mIP-10 plasmid was encapsulated in the LPs.

ENG-Apt/mIP-10-LP presented the same band as GV143 mIP-10 (**Figure [S2](#SM0){ref-type="supplementary-material"},** line 1) when the N/P ratio was changed from 1:4 to 1:2 (**Figure [S2](#SM0){ref-type="supplementary-material"}**, line 2-4). When the N/P ratios were 1:1, 2:1 and 4:1, ENG-Apt/mIP-10 retardation bands appeared around the inner walls of sampling wells (**Figure [S2](#SM0){ref-type="supplementary-material"}**, line 5-7). These results further proved that when the N/P ratio was 1:1, the liposome could successfully load and encapsulate the plasmid GV143 mIP-10 with an encapsulation rate of 77.8%.

To confirm the successful binding of ENG-Apt to the surface of the liposome, 3% agarose gel electrophoresis was utilized (**Figure [1](#F1){ref-type="fig"}E**). ENG-Apt showed clear bands on gel electrophoresis (**Figure [1](#F1){ref-type="fig"}E**, line 2), the liposome by itself was not able to display bands on gel (**Figure [1](#F1){ref-type="fig"}E,** line 3). The direct mixture of liposome and ENG-Apt showed the same electrophoresis bands as ENG-Apt (**Figure [1](#F1){ref-type="fig"}E,** line 4). Before and after ENG-Apt-LP dialysis (**Figure [1](#F1){ref-type="fig"}E**, line 5 and 6), there were obvious bright bands in around the walls area of the gel wells. Compared to ENG-Apt-LP before dialysis, the weak gel bands of ENG-Apt-LP disappeared after dialysis (**Figure [1](#F1){ref-type="fig"}E**, line 6), which indicates that the free unbound ENG-Apt was successfully removed.

Regarding with the stability test, ENG-Apt/mIP-10-LP stored in DMEM medium at 37 °C for 10 min, 0.5 h, 1.5 h, 4 h, 6 h or 8 h was examined, and observed with almost zero plasmid release. With similar settings, ENG-Apt/mIP-10-LP incubated with human serum and high glucose DMEM containing 20% FBS was observed to hold a low release rate. Additionally, after purification by ultrafiltration and precipitation, the release rate turned lower than 30% after observation for 8 h, indicating good stability (**Figure [S3](#SM0){ref-type="supplementary-material"}**).

ENG-Apt/mIP-10-LP nanocapsules showed good biocompatibility based on MTT assay results, demonstrating relatively low toxicity upon incubation with 293T-mE, 293T, B16, and mTEC cells with an \'almost 100 %\' cellular viability (**Figure [S4](#SM0){ref-type="supplementary-material"}**).

Specific binding of ENG-Apt/mIP-10-LP nanocapsules to mTECs
-----------------------------------------------------------

After incubation with FITC/DiI-labeled ENG-Apt/mIP-10-LP nanocapsules, all mTECs showed strong fluorescence intensity, while B16 cells showed a comparably weaker signal (**Figure [2](#F2){ref-type="fig"}A**, upper and middle panels; **Figure [2](#F2){ref-type="fig"}D**). Similarly, when free ENG-Apt was pre-added in the culture medium, and then FITC/DiI-labeled ENG-Apt/mIP-10-LP nanocapsules were incubated with mTECs, a weak fluorescence was observed in mTECs. This could be due to the binding of the pre-added free ENG-Apt with ENG receptors thereby inhibiting the binding of ENG-Apt/mIP-10-LP nanocapsules and mTECs (**Figure [2](#F2){ref-type="fig"}A,** lower panel; **Figure [2](#F2){ref-type="fig"}D**). Evaluating the targeting effects of ENG-Apt to mTECs, when ENG-Apt/mIP-10-LP and mIP-10-LPs were incubated with mTECs separately, ENG-Apt/mIP-10-LP nanocapsules were found to be internalized within the mTECs more than mIP-10-LPs (**Figure [2](#F2){ref-type="fig"}B, E**). Quantitative analysis of the fluorescence intensities of mTECs showed that in comparison to mIP-10-LPs, approximately 16 times more ENG-Apt/mIP-10-LP nanocapsules bound to mTECs, which indicates the excellent targeting effect of ENG-Apt to mTECs (**Figure [2](#F2){ref-type="fig"}E**). Similarly, the binding of ENG-Apt/mIP-10-LP nanocapsules with 293T-mEs was significantly stronger than that with 293T cells (**Figure [S5](#SM0){ref-type="supplementary-material"}**). These results suggest that ENG-Apt/mIP-10-LP nanocapsules could specifically target the mTECs or 293T-mEs. Upon exposure of mTECs to nanocapsules encapsulating an EGFP vector, IP-10-EGFP expression was significantly greater in mTECs exposed to ENG-Apt/mIP-10-LP nanocapsules compared to those exposed to mIP-10-LPs (**Figure [2](#F2){ref-type="fig"}C**). Flow cytometric analysis also indicated that the transfection efficiency of vector delivered by ENG-Apt/mIP-10-LP nanocapsules was close to that of Lipofectamine 2000 (**Figure [S6](#SM0){ref-type="supplementary-material"}**), and superior to that with the non-targeting mIP-10-LPs (**Figure [2](#F2){ref-type="fig"}F**).

In vivo distribution of ENG-Apt/mIP-10-LP nanocapsules in melanoma-bearing mice
-------------------------------------------------------------------------------

The distribution of DiR-labeled nanocapsules in various organs and tissues of melanoma-bearing mice *in vivo*, was detected using a fluorescence imaging system. ENG-Apt/mIP-10-LP nanocapsules were rapidly deposited at tumor sites with obvious fluorescence appearing within 6 h and reaching peak intensity at 48 h. By contrast, injected DiR dye molecules were rapidly migrated *in vivo*, as indicated by the decreased fluorescence after 2 h. The fluorescence intensity of ENG-Apt/mIP-10-LP nanocapsules at tumor sites was higher than that of the control mIP-10-LPs at each time point. At 48 h after injection, the fluorescence intensity of ENG-Apt/mIP-10-LP nanocapsules at tumor sites was 2.5 times greater than that of mIP-10-LPs, indicating that a large number of ENG-Apt/mIP-10-LP nanocapsules continued to be present in tumor tissues whereas mIP-10-LPs had been removed (**Figure [3](#F3){ref-type="fig"}A, B**). Similarly, anti-mIP-10 antibody staining showed that IP-10 expression in tumor tissues after treatment with ENG-Apt/mIP-10-LP nanocapsules was significantly greater than that after treatment with the control mIP-10-LPs (**Figure [3](#F3){ref-type="fig"}C, D**).

Effects of ENG-Apt/mIP-10-LP nanocapsules combined with TRP2CD8^+^ T cells *in vivo*
------------------------------------------------------------------------------------

HE staining showed that the ENG-Apt/mIP-10-LP had no inflammatory cell infiltration and toxicity damage to the heart, liver, spleen, lung and kidney of mice (200×) (**Figure [S7](#SM0){ref-type="supplementary-material"}**). Comparison of the survival curves for melanoma-bearing mice treated with ENG-Apt/mIP-10-LP nanocapsules or mIP-10-LPs indicated that ENG-Apt/mIP-10-LP nanocapsule delivery resulted in significantly greater inhibition of tumor growth and considerably longer survival than non-targeting mIP-10-LPs delivery (**Figure [4](#F4){ref-type="fig"}A, B, C**). Additionally, TRP2CD8^+^ T cells combined with ENG-Apt/mIP-10-LP nanocapsules treatment demonstrated remarkably enhanced anti-tumor efficacy, conversely, treatment with TRP2CD8^+^ T cells displayed weak anti-tumor effects. These results translated into significantly decreased tumor growth and prolonged survival time of melanoma-bearing mice receiving the combination treatment (**Figure [4](#F4){ref-type="fig"}D, E, F**).

ISTS and Flow cytometric analyses were to determine the presence of TRP2CD8^+^ T cells among TILs in melanoma-bearing mice after the treatments. The amount of TRP2CD8^+^ T cells at tumor sites in mice treated with both ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells was significantly greater compared to that of the other treatments. (**Figure [5](#F5){ref-type="fig"}A, B, D**). Furthermore, we observed that, in addition to a large number of TRP2CD8^+^ T cells infiltrating the tumor tissue after the combination treatment, the number of CD8^+^ T cells at these sites also increased (**Figure [S5](#SM0){ref-type="supplementary-material"}A-B**, **Figure [S8](#SM0){ref-type="supplementary-material"}A-B**).

To assess the activity of TRP2CD8^+^ T cells in tumor tissues, the number of TRP2-specific IFN-γ-secreting T cells among TILs of each group was measured by ELISPOT assay. The dot counts of group co-treated with ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells, were significantly higher than that treated with only TRP2CD8^+^ T cells (**Figure [5](#F5){ref-type="fig"}C, F**, **Figure [S8](#SM0){ref-type="supplementary-material"}C-D**). Consistently, the results of intracellular immunochemical staining corroborated that the combination treatment resulted in a significant increase of TRP2-specific, IFN-γ-secreting CD8^+^ Tcells.

Flow cytometry was used to analyze the numbers of MDSCs and Tregs that negatively regulate the immune responses in tumor-bearing mice. After combined treatment with ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells, the number of CD11b^+^Gr1^hi^ MDSCs in tumor tissues remarkably decreased rather than in the control group, associated with a rise of Gr1 expression level. The percentage of CD4^+^CD25^+^FoxP3^+^ Tregs among TILs was also significantly decreased (**Figure [6](#F6){ref-type="fig"}**). Similarly, treatment with ENG-Apt/mIP-10-LP alone led to considerably reduced number of MDSCs and Tregsin the tumor-bearing mice, compared to the treatment with non-targeting mIP-10-LPs (**Figure [S9](#SM0){ref-type="supplementary-material"}**).

Anti-tumor mechanism of the combination treatment
-------------------------------------------------

To explore the mechanisms responsible for the inhibition of melanoma growth in mice after ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells combination treatment, the number of PCNA-positive cells was detected by immunohistochemical (IHC) staining. The results showed that the number of PCNA-positive cells in tumor tissues was 4 times lower in the combination treatment group than that in the PBS group, whereas no significant difference in the number of PCNA-positive cells was observed between the ENG-Apt/mIP-10-LP and the ENG-Apt/mIP-10-LP + CD8^+^ T cell groups (**Figure [7](#F7){ref-type="fig"}A, D**). Notably, the numbers of PCNA-positive cells after treatment with ENG-Apt/mIP-10-LP were significantly lower than those after mIP-10-LP treatment (**Figure [S10](#SM0){ref-type="supplementary-material"}A, C**).

Upon treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells, the increase of cellular apoptosis in tumor tissues was notably higher than that of control groups (**Figure [7](#F7){ref-type="fig"}B, E; Figure [S10](#SM0){ref-type="supplementary-material"}B-C**). IHC staining showed significantly fewer dense micro-vessels expressing ENG in tumor tissues of mice treated with ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells (**Figure [7](#F7){ref-type="fig"}C, F**). IHC staining of tumor tissues for CD31 expression illustrated that the tumor vascular density after ENG-Apt/mIP-10-LP nanocapsules treatment was remarkably lower, which was positively correlated with mIP-10 expression. Tumor vascular density was also lower than that in mIP-10-LP group and 5-6 times lower than the densities in the PBS and mIP-10 groups (**Figure [S11](#SM0){ref-type="supplementary-material"}**).

Discussion
==========

Blood vessels play a critical role in the evolution and progression of tumors [@B8], [@B18], [@B20], [@B34] such that tumor angiogenesis indirectly reflects tumor growth. A few studies have investigated potential strategies for attracting CTLs to the tumor environment within the context of tumor immunotherapy [@B2], [@B3]. In our previous study [@B36], we found that after the treatment of melanoma-specific cytotoxic CD8^+^CD28^+^ T lymphocyte combined with FA-CS-mIP-10, which specifically targeting the tumor cells, the percentage of CXCR3^+^CD8^+^ T cells was showed to increase. However, we haven\'t observed any melanoma-specific cytotoxic CD8^+^CD28^+^ T lymphocyte in tumor tissues by *in situ* tetramer staining (ISTS). In order to increase the number of melanoma-specific cytotoxic CD8^+^ T lymphocyte in tumor tissues, the methodology requires optimization and improvement. Here, we creatively designed and developed an ENG-Apt/mIP-10-LP nanocapsule delivery to target tumoral neovasculatures. This is the first report of a novel aptamer-based nanosystem platform in the field of T cells therapy. And this is also the first time that ENG-Apt/mIP-10-LP nanocapsules driving melanoma-specific cytotoxic CD8^+^ T cells in tumor tissues was observed by ISTS method.

In our study, we used ENG, a specific surface antigen of tumor neovascular endothelial cells [@B14], [@B15], as the targeted media for nanoparticle delivery. IP-10 plays an important role in the chemotaxis of activated T lymphocytes *via* CXCR3 [@B8], thereby facilitating the regression of tumor angiogenesis. To combine these advantages, surface ENG aptamer modified liposomal nanocapsules encapsulating the IP-10 plasmid (ENG-Apt/mIP-10-LP), were constructed and characterized. After specific binding to tumoral neovascular cells, the plasmid was induced intracellularly, and their ability to recruit tumor antigen-specific CTLs and form a CTL-enriched zone around tumor endothelial cells was evaluated *in vitro* and *in vivo*.

*In vitro* phagocytosis experiments demonstrated that ENG-Apt/mIP-10-LP nanocapsules could specifically bind to and be uptaken by mTECs, which accomplished the delivery of IP-10 plasmid and therefore induced the expression of IP-10 protein by mTECs. The higher expression of IP-10 by mTECs exposed to ENG-Apt/mIP-10-LP nanocapsules compared to those exposed to control IP-10-LPs indicated that the recognition of cell surface receptors by the ENG-Apt effectively enhanced delivery of the exogenous gene to the targeted cells. Therefore, our study indicated that modification of nanocapsules with ENG aptamer which is specifically targeting tumoral neovasculatures, has the potential to improve the clinical efficacy of cancer immunotherapy.

There was a preferential accumulation of ENG-Apt/mIP-10-LP in tumor tissues of melanoma-bearing mice as evidenced by *in vivo* imaging analysis. In comparing with mIP-10-LPs, the addition of ENG-Apt in ENG-Apt/mIP-10-LP nanocapsules, could significantly reduce the distribution of the nanocarriers in non-tumor tissues, thereby decreasing the toxicity of the immunotherapeutic agent in the general circulation. Similarly, IP-10 expression in tumor tissues of mice treated with ENG-Apt/mIP-10-LP nanocapsules was significantly greater than that in mice treated with mIP-10-LPs as shown by IHC staining. These findings strongly suggest that the ENG-Apt/mIP-10-LP nanocapsules can specifically recognize tumor endothelial cell surface receptors for targeted delivery and subsequent induction of IP-10 protein expression in tumor-bearing mice. Some studies have indicated that certain size of liposome (20-200 nm) could be easier to accumulate into tumors rather than healthy tissues through the enhanced permeability and retention effect (EPR) [@B37], [@B38]. In our study, the size of ENG-Apt/mIP-10-LP nanocapsules was measured 145 nm, suggesting a possible exist of EPR mechanism. The PEG moiety forms an aqueous layer on the surface of liposomes that could additionally provide stabilization of the lipid bilayer, resulting in the inhibition of particles adsorption, recognition and uptake by the mononuclear phagocytic system (MPS) in the body [@B39]. Thus, PEGylation of liposome as the carrier for the functional plasmid in the construction of the ENG-Apt/mIP-10-LP, provided protection from decreasing the drug depletion by the degradation or phagocytosis, and extended the plasma half-life for the liposome-based nanocapsules. Besides, the presence of ENG-Apt in the ENG-Apt/mIP-10-LP, provides targeting specificity to tumor vascular endothelium, may also decrease the possibility of being processed by mononuclear phagocyte system and causes higher accumulation of mIP-10 in the tumor site than elsewhere.

Currently, T cell-based immunotherapy has achieved a breakthrough in tumor therapy, and CTLs have been shown to be critical for achieving an efficient therapeutic effect [@B40], [@B41]. However, previous studies have shown that tumor antigen-specific CTLs have limited anti-tumor efficacy due to their insufficient infiltration of tumor tissues [@B42], and the cytotoxic activities of these cells are inhibited by factors in the tumor microenvironment [@B43], [@B44]. It has also been reported that chemokine IP-10 can induce migration of lymphocytes and promote their proliferation and activation, thus enhancing the cytotoxic activity of CTLs [@B45]-[@B47]. Our results showed that treatment with ENG-Apt/mIP-10-LP nanocapsules increased the numbers of CD8^+^ T cells and IFN-γ positive cells within tumor tissues, indicating the potential of these engineered nanocapsules to improve the activity of T cells.

Residues 180-188 (N-SVYDFFVWL-COOH) of the H-2K^b^-restricted TRP2 compose a melanoma-specific antigen peptide [@B48]. TRP2-specific CD8^+^ T cells can be prepared *in vitro* by stimulating CD8^+^ T cells with H-2K^b^:Ig/TRP2~180-188~ artificial antigen-presenting cells. To further determine if ENG-Apt/mIP-10-LP nanocapsules could enhance the anti-tumor effects through driving these TRP2-specific CD8^+^ T cell induced by H-2K^b^:Ig/TRP2~180-188~ artificial antigen-presenting cells to tumor location, we applied adoptive immunotherapy of TRP2-specific CD8^+^ T cells associated with ENG-Apt/mIP-10-LP nanocapsules to treat melanoma-bearing mice. ISTS was used to detect the percentage of TRP2CD8^+^ T cells among TILs. Our experiment results showed that the presence of melanoma-specific TRP2CD8^+^ T cells in tumor tissues after the combine treatment of TRP2-specific CD8^+^ T cell and ENG-Apt/mIP-10-LP nanocapsules, whereas a large amount of CD8^+^ T cell enrichment was observed in the tumor tissues after the treatment of ENG-Apt/mIP-10-LP nanocapsules alone, as well as the combine treatment. These findings demonstrated that the ENG-Apt/mIP-10-LP nanocapsules could drive not only endogenous CD8^+^ T cells, but also the exogenously adoptive TRP2CD8^+^ T cells in the melanoma-bearing mice. In this manuscript, we originally reported the important role of ENG-Apt/mIP-10-LP nanocapsules in promoting both endogenous and exogenous tumor antigen-specific CTLs *in vivo*.

It is generally believed that, in addition to suppressing the tumor-killing activity of T cells, local tumor microenvironment interferes with the ability of T cells to recognize tumor antigens and enables a state of systemic immunosuppression by directly inhibiting the function of T cells throughout the body [@B49]. Tregs and MDSCs both play an immunosuppressive role*in vivo*. The abilities of these two cell types in leading immunosuppression driven by chronic inflammation in the tumor microenvironment, have been investigated in several studies [@B50],[@B51]. It has also been reported that MDSCs and Tregs are overexpressed *in vivo* during tumor formation [@B2], [@B52]-[@B54] that decreases the anti-tumor efficacy of CTLs [@B55]-[@B57], suggesting a negative correlation between the number of MDSCs and Tregs with that of CTLs during the tumor development. Our flow cytometric analysis data is promising and showed that treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP nanocapsules significantly decreased the numbers of MDSCs in bone marrow and spleen as well as in tumor tissues. The result demonstrated that percentage of tumor tissue CD11b^+^Gr1^+^ MDSCs in PBS control group was 11%, which was remarkably close to other study based on similar B16 tumor mice model [@B58], suggesting the reliability of flow cytometric analysis for MDSCs. MDSCs are a group of cells consisting of various cell types. In our study, CD11b^+^Gr1^+^ cells in PBS group and treatment groups might not be the same cell populations based on their Gr1 expression levels. The phenotype and functions of MDSC subgroups are not entirely conclusive, and CD11b^+^Gr1^+^ cells have been commonly accepted as MDSCs [@B58], [@B59]. Therefore, we herein determined the portion of MDSCs by roughly gating CD11b^+^Gr1^+^ cells. Interestingly, we recognized a unique population of Gr1^+^CD11b^-^ cells that was present in all treatment groups but not in the PBS group and associated with the reduced number of MDSCs after each treatment. Similar cell population was also observed in some other studies [@B60], [@B61]. This cell population may possess a possible role associated with anti-tumoral functions, however, further validation is still necessary. In addition, it also reduced the numbers of Tregs in the spleen. These results are consistent with previous studies showing that depletion of Tregs and MDSCs improved the outcome of mesothelioma [@B62], [@B63].

Notably, there was a more substantial reduction in the numbers of MDSCs and Tregs after combined treatment with ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells. Because the adoptive CTLs are TRP2CD8^+^ T cells which were TRP2-specific and -sensitive. Thus, treatment of TRP2CD8^+^ T cells alone without the targeted priming of ENG-Apt/mIP-10-LP, might not induce a sufficient number of CTL recruitment in the tumor environment as the treatment combined with ENG-Apt/mIP-10-LP. This may answer the question why TRP2CD8^+^ T cells treatment group did not display the same functionality. Our study revealed that treatment with ENG-Apt/mIP-10-LP nanocapsules combined with TRP2CD8^+^ T cells is promising as a more efficient immunotherapeutic approach.

Our *in vivo* experiments demonstrated that treatment with ENG-Apt/mIP-10-LP nanocapsules inhibited tumor growth and increased the survival time of tumor-bearing mice, and that the combination treatment with both ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells further increased the survival time of mice. As a marker of cell proliferation, PCNA expression is associated with tumor cell differentiation and malignant behavior [@B64], [@B65], such as invasion and metastasis, and that is closely related with cancer prognosis [@B66]. Therefore, detection of PCNA provides insight into the degree of tumor malignancy and can guide clinical treatment and prognosis. Our experiments evaluating PCNA expression showed that treatment with ENG-Apt/mIP-10-LP nanocapsules reduced the vascular density within tumors and inhibited tumor cell proliferation. Also, TUNEL analysis showed that nanocapsule delivery promoted tumor cell apoptosis in tumor-bearing mice. Combination treatment with ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells resulted in significantly decreased microvascular density in tumors and further promoted apoptosis of tumor cells, indicating that the anti-tumor effect of the ENG-Apt/mIP-10-LP nanocapsules was, to some extent, related to reversal of the imbalance between proliferation and apoptosis among tumor cells.

Conclusion
==========

In this study, we designed and constructed ENG-Apt-modified, IP-10 plasmid-containing liposomal (ENG-Apt/mIP-10-LP) nanocapsules, with the purpose of enhancing CTL recruitment to the tumor vasculature. These prepared ENG-Apt/mIP-10-LP nanocapsules possess a viable nanometric size, good stability, and displayed high specificity binding to mTECs and the ability to upregulate the IP-10 protein expression *in vitro* and *in vivo*. The combination treatment of ENG-Apt/mIP-10-LP nanocapsules and adoptive TRP2CD8^+^ T cells, increased IP-10 protein expression in tumor areas of neo-angiogenesis in the melanoma-bearing mice, and also promoted the recruitment of endogenous and exogenous tumor antigen-specific CTLs thus inhibiting tumor growth *in vivo*. Altogether, the ENG-Apt/mIP-10-LP nanocapsule developed in our current study, has the potential application prospect in efficient anti-melanoma treatment, and therefore provides a new promising strategy for cancer immunotherapy.
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![Characterization of ENG-Apt/mIP-10-LP nanocapsules: Representative TEM images and size distributions of **(A)** LPs and **(B)** ENG-Apt/mIP-10-LP nanocapsules. Scale bar on TEM images is 200 nm (upper) and 100 nm (blow). N/P ratio of LPs and ENG-Apt/mIP-10-LP nanocapsules is 1:1.**(C)** shows the particle sizes and zeta potentials of different types of nanoparticles and ENG-Apt/mIP-10-LP nanocapsules prepared with different ratios of N/P. **(D)** Detection of mIP-10 expression after treatment with mIP-10-LPs or ENG-Apt/mIP-10-LP nanocapsules in 1% agarose gel electrophoresis (Lane 1: mIP-10, Lane 2: mIP-10-LPs, Lane 3: ENG-Apt/mIP-10-LP, Lane 4: mIP-10-LPs + Triton X-100, Lane 5: ENG-Apt/mIP-10-LP + Triton X-100, Lane 6: LP + Triton X-100, Lane 7: mIP-10 + Triton X-100). **(E)** Identification of ENG-Apt binding to LP in 3% gel retardation assay analysis of ENG-Aptamer binding to LP surface (Lane 1: ENG-Aptamer, Lane 2: LP, Lane 3: LP + ENG-Aptamer, Lane 4: unpurified ENG-Apt-LP, Lane 5: purified ENG-Apt-LP).](thnov09p4066g001){#F1}

![ENG-Apt/mIP-10-LP nanocapsules target mTECs to increase mTEC expression of mIP-10.**(A, B)** ENG-Apt/mIP-10-LP nanocapsules specifically bind to mTECs through ENG receptors as is evident by the fluorescence of DiI-labeled liposomes (red), DAPI-stained nuclei (blue), and FITC-labeled ENG-Apt (green), at a magnification of 400×. **(C)** the fluorescence intensity in mTECs after binding of ENG-Apt/mIP-10-LP nanocapsules is 16 times greater than that with mIP-10-LPs. **(D)** the fluorescence intensity analysis in mTECs and B16 after binding of ENG-Apt/mIP-10-LP nanocapsules. **(E)** Fluorescence intensity analysis showing ENG-Apt/mIP-10-LP nanocapsules has high binding rate with mTECs. **(F)** Flow cytometric analysis showing ENG-Apt/mIP-10-LP nanocapsules has high binding rate with mTECs rather than the controls. Mean ± SE of three independent experiments is shown. *\*\* p \< 0.01.*](thnov09p4066g002){#F2}

![ENG-Apt/mIP-10-LP nanocapsules targeted to tumor tissues result in high expression of IP-10 protein. B16 cells (5×10^5^ cells/mouse) were implanted via subcutaneous injection in the left armpit of 4-week-old female inbred BALB/c athymic nude mice. Once the tumors reached a volume of 500 mm^3^, tumor-bearing mice received one of three treatments via intravenous tail injections: 0.6 mg DilC~18~(7) (DiR)/kg body weight (DiR control), DiR-labeled mIP-10-LPs, and ENG-Apt/mIP-10-LP nanocapsules. The distribution of the fluorescent particles in each group was detected using an *in vivo* imaging system (In Vivo FX PRO, Bruker, Billerica, MA, USA) (excitation at 720 nm, emission at 790 nm) at 2, 6, 24, 48 and 72 hours after injection. **(A)***In vivo* distribution of DiR-labeled nanocapsules in tumor-bearing mice. **(B)** Relative fluorescent intensity (RFI) of nanocapsules in tumor tissues, RFI in tumor tissues 48 h after delivery of DiR-labeled ENG-Apt/mIP-10-LPs is 2.5 times more than that achieved with mIP-10-LPs. **(C)** The expression of mIP-10 protein in tumor tissues of various groups detection by immunohistochemical staining (magnification, 400×). **(D)** Statistical quantification of mIP-10 protein expression in tumor tissues of various groups. The mean ± SE of three independent experiments is shown. \*\* *p \< 0.01* for the comparison of the ENG-Apt/mIP-10-LP group to control groups.](thnov09p4066g003){#F3}

![Tumor volume and survival time in melanoma-bearing mice in different treatment groups. **(A, B, C)** Anti-tumor effect of the treatment with ENG-Apt/mIP-10-LP nanocapsules in melanoma-bearing mice. (A) Experiment design for the treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP nanocapsules. B16 cells (5×10^5^ cells/mouse) were inoculated into the right groin area of the C57BL/6 mice via subcutaneous injection. On the fifth day after the tumor cell inoculation, these tumor-bearing mice were then randomized into four groups (n=5), and respectively treated with PBS, mIP-10 plasmid, mIP-10-LPs, or ENG-Apt/mIP-10-LP nanocapsules at 5, 8, 11, and 14 days after tumor cells inoculation via tail vein intravenous injections. Another 32 mice subjected to the same treatments (n=8) were monitored to generate survival curves. **(B)** Showing tumor growth curves in mm^3^ among groups over the days after the treatment (n=5). **(C)** showing the survival rates of mice among groups over the days after the treatment (n=8). \* *p \< 0.05,* \*\* *p \<0.01* for the comparison of survival percentage in the ENG-Apt/mIP-10-LP group and control groups. **(D, E, F)** Anti-tumor effect of combination treatment with ENG-Apt/mIP-10-LP nanocapsules and adoptive TRP2CD8^+^ T cells in melanoma-bearing mice. (D) Experiment design for the combination treatment of melanoma-bearing mice with ENG-Apt/mIP-10-LP and TRP2-specific CD8^+^ T cells. C57BL/6 mice were randomized into five groups (n=5). Four days after subcutaneous inoculation of B16 cells, CD8^+^ T cells or TRP2-specific CD8^+^ T cells were resuspended in PBS at 1.5×10^7^ cells/mL (200 µL/mouse) via the tailvein injection*in vivo*. The next day, PBS and ENG-Apt/mIP-10-LP nanocapsules (mIP-10 plasmid, 50 µg/mouse) were also injected intravenously in the corresponding groups. Mice of different groups were treated at 5, 8, 11, and 14 days after tumor cells inoculation via tail vein intravenous injections. Another 40 mice subjected to the same treatments (n=8) were monitored to generate survival curves. (E) showing tumor growth curves in mm^3^ among groups over the days after the treatment (n=5). (F) showing the survival rates of mice among groups over the days after the treatment. \* *p \< 0.05,* \*\* *p \< 0.01* for the comparison of survival percentage between the ENG-Apt/mIP-10-LP + TRP2CD8^+^ T group and control groups. Mean ± SE of three independent experiments is shown.](thnov09p4066g004){#F4}

![Combination of ENG-Apt/mIP-10-LP nanocapsules and TRP2CD8^+^ T cells increase the number and activity of tumor cell-specific CD8^+^ T cells in tumor tissues. **(A)** Frequencies of TRP2CD8^+^ T cells in tumor tissues of various groups detected by flow cytometry.**(B)** TRP2CD8^+^ T cells infiltration in tumor tissues of various groups detected by ISTS. Fluorescence images of tissue sections stained with CD8^+^ T in green, TRP2 tetramer in red and cell nuclei were labeled with DAPI (blue).**(C)** TRP2-specific IFN-γ-secreting cells among TILs detected by immunospot staining.**(D)** Requencies of TRP2CD8^+^ T cells among TILs.**(E)** Frequencies of CD8^+^ T cells among TILs.**(F)** The numbers of TRP2-specific IFN-γ-positive cells among TILs. The mean ± SE of three independent experiments is shown. \*\* *p* \< 0.01 for the comparison of the ENG-Apt/mIP-10-LP + TRP2CD8^+^ T cell group to control groups. Mean ± SE of three independent experiments is shown.](thnov09p4066g005){#F5}

![Combination treatment with ENG-Apt/mIP-10-LP and TRP2CD8^+^ T cells reduced the amounts of MDSCs and Tregs in the tumor microenvironment. The flow cytometric analyses for MDSC and Treg showed that the percentage of CD11b^+^Gr1^+^ MDSC in single cells of tumor tissue of mice treated with ENG-Apt/mIp-10-LP combined with TRP2CD8^+^ T cells was significantly reduced and significantly lower than that of other control groups. The percentage of CD4^+^CD25^+^FoxP3^+^ Tregs in TIL was also significantly reduced. **(A)** The percentages of MDSCs in tumor tissues detected by flow cytometry. **(B)** The percentages of Tregs in tumor tissues; results with CD4^+^ gating are shown. **(C)** The quantified numbers of MDSCs in tumor tissues. **(D)** The quantified numbers of Tregs in tumor tissues. The mean ± SE of three independent experiments is shown. \*\* *p* \< 0.01 for the comparison of ENG-Apt/mIP-10-LP + TRP2CD8^+^ T cell group to control groups.](thnov09p4066g006){#F6}

![Combination treatment with ENG-Apt/mIP-10-LP and TRP2CD8^+^ T cells inhibits tumor cell proliferation, promotes tumor cell apoptosis, and suppresses tumor angiogenesis. **(A)** Detection for Proliferating cell nuclear antigen expression (PCNA) by IHC staining, at a magnification of 400×. **(B)** Results of tumor apoptosis detection by TUNEL assay; nuclei stained blue, positive cells stained green, at 200×. **(B)** Tumor microvascular densities detected by CD105 monoclonal antibodies, at 100×. **(D)** Statistical quantification of PCNA numbers in various groups. **(E)** Statistical quantification of tumor apoptosis numbers in various groups. **(F)** Statistical quantification of tumor microvasculature number in various groups. The mean ± SE of three independent experiments is shown. \* *p* \< 0.05 and \*\* *p* \< 0.01 for comparison of ENG-Apt/mIP-10-LP + TRP2CD8^+^ T cells group to other controls.](thnov09p4066g007){#F7}
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